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Section |. Overview

The Institute of Geophysics and Planetary  The Center for Geosciences, headed by Fred-
Physics (IGPP) is a Multicampus Research Unit oerick Ryerson, focuses on research in geophysics
the University of California (UC). IGPP was and geochemistry. The Astrophysics Research
founded in 1946 at UC Los Angeles with a charteCenter, headed by Kem Cook, provides a home for
to further research in the earth and planetary sctheoretical and observational astrophysics and
ences and related fields. The Institute now haserves as an interface with the Physics Director-
branches at UC campuses in Los Angeles, Saate’s astrophysics efforts.

Diego, and Riverside, and at Los Alamos and The IGPP branch at LLNL (as well as the
Lawrence Livermore national laboratories. branch at Los Alamos) also facilitates scientific

The University-wide IGPP has played ancollaborations between researchers at the UC
important role in establishing interdisciplinary campuses and those at the national laboratories in
research in the earth and planetary sciences. Fareas related to earth science, planetary science,
example, IGPP was instrumental in founding theand astrophysics. It does this by sponsoring the
fields of physical oceanography and space phyddniversity Collaborative Research Program
ics, which at the time fell between the cracks ofUCRP), which provides funds to UC campus sci-
established university departments. entists for joint research projects with LLNL.

Because of its multicampus orientation, IgpPAdditional information regarding IGPP-LLNL
has sponsored important interinstitutional consorPrejects and people may be found at http://www-

tia in the earth and planetary sciences. Each of tHgPP-lInl-gov/.
five branches has a somewhat different intellectual The goals of the UCRP are to enrich research
emphasis as a result of the interplay betweenpportunities for UC campus scientists by making

strengths of campus departments and Laboratogvailable to them some of LLNL's unique facili-
programs. ties and expertise, and to broaden the scientific

h h _ program at LLNL through collaborative or inter-
T el IGEP branch at Lawrence L'Vde;mohredisciplinary work with UC campus researchers.
National Laboratory (LLNL) was approved by the UCRP funds (provided jointly by the Regents

Regents of the University of California in 1982. ¢ yne University of California and by the Director
IGPP-LLNL emphasizes research in tectonicsgf LLNL) are awarded annually on the basis of
geochemistry, and astrophysics. It provides @rief proposals, which are reviewed by a commit-
venue for studying the fundamental aspects ofee of scientists from UC campuses, LLNL pro-
these fields, thereby complementing LLNL pro-9rams, and external universities and research

grams that pursue applications of these disciplinegrgan'zat'ons' Typlcaliannual funding for a collab-
; . . orative research project ranges from $5,000 to
in national security and energy research.

$30,000. Funds are used for a variety of purposes,
IGPP-LLNL is directed by Charles Alcock such as salary support for UC graduate students,

and was originally organized into three centerspostdoctoral fellows, and faculty; and costs for
Geosciences, stressing seismology; High-PressufPerimental facilities.

Physics, stressing experiments using the two-stage A statistical overview of IGPP-LLNL's

light-gas gun at LLNL; and Astrophysics, stress-YCRP (colloguially known as the mini-grant pro-
rgram) is presented in Figures 1 and 2. Figure 1

e _ shows the distribution of UCRP awards among the
1994, the activities of the Center for High-Pres-;~ campuses, by total amount awarded and by
sure Physics were merged with those of the Centgjumber of proposals funded. Figure 2 shows the
for Geosciences. distribution of awards by center.

ing theoretical and computational astrophysics. |
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(a) Numbers of awards

(b) Funds awarded (in thousands of $)

I:'Northern California campuses

Astrophysics

Research Center

5

Center for
Geosciences

I:‘ Southern California campuses

Figure 1. Distribution of FY 1998 UCRP awards to UC campuses from IGPP—LLNL.

sultants. These lists are published each year in the
annual report. Section V gives the bibliography for
FY 1998. As a measure of research productivity,
the results are gratifying. The abundance of publi-
cations from IGPP collaborative projects is a mea-
sure of the significance of the results obtained in
these projects. The refereed-journal publication
rate for IGPP-related projects corresponds to more
than 1 paper per year for each faculty member,
2 papers per year for each IGPP postdoctoral fel-

15

low, and 2 papers per year for each IGPP staff
member.

Figure 3 compares the total papers published
in refereed journals or conferences for the last five
years. (Note: Because of the extensive peer-review
process for most scientific journals, several papers
submitted by the principal investigators are still in

Although the permanent LLNL staff assigned progress. Therefore, we cannot give an accurate
to IGPP is relatively small (presently about 16total of 1998 papers published until we receive
full-time equivalents), IGPP’s research centergormal notification from the journals and authors.
have become vital research organizations. Thi&inal 1998 totals will be available in our 1999
growth has been possible because of IGPP suppdgtport.)
for a substantial group of resident postdoctoral fel-
lows; because of the 20 or more UCRP projects
funded each year; and because IGPP hosts a vari-
ety of visitors, guests, and faculty members (from 100
both UC and other institutions).

To focus attention on areas of topical interest
in the geosciences and astrophysics, IGPP-LLNL
hosts conferences and workshops and also orga-
nizes seminars in astrophysics and geosciences. 2
Section IV lists the seminars given in FY 1998. 0

Since FY 1987, IGPP-LLNL has maintained 14 1095 1096 1997 1998
a bibliography of published research papers ¢

resulting frolm UCRP projects and from researchyigyre 3. Total number of papers published in refereed jour-
by the IGPP’s staff, postdoctoral fellows, and conmais and conference proceedings from 1994-1998.

Figure 2. Distribution of awards by IGPP-LLNL center.
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Section Il. Highlights of Fiscal Year 1998

Astrophysics Research Center

The Astrophysics Research Center serves the The Center and its offices are in Building 319,
aims of IGPP-LLNL in astrophysics. These goalswhich is close to the offices of many LLNL astro-
include managing the astrophysics part of thehysicists and is subject to minimal access con-
UCRP and facilitating contacts between UC scitrols. These features make the center ideal for the
entists and their LLNL counterparts. many collaborations that have developed between

The Astrophysics Research Center also servedC researchers and LLNL scientists.

as the focus of astrophysics activities at LLNL by ~ The Astrophysics Research Center has access
organizing the weekly astrophysics colloquium,to a variety of machines for computing. Most day-
hosting visitors and collaborators, editing anto-day work, which includes code development,
annual Observatory Report that covers astrophysmage processing, and symbolic manipulation, is
ics activities at LLNL (and is published in tBell-  carried out on the center’s network of Suamork-

letin of the American Astronomical Socjetgnd  stations. This network has been used for large-
providing a variety of other service functions. scale processing by the exploitation of codes that

The staff and postdoctoral researchers of th4tilize a large fraction of the network for parallel
Astrophysics Research Center carry out a signifiPf0cessing. This level of processing is especially
cant program of research. The scientific staff offféctive at night, when most of the network is

the Center are Kem Cook (Center Head), CharleStherwise quiet and whc_en the “invasive_” code will
Alcock, Seran Gibbard, Bruce Macintosh, Clairenot adversely affect the image-processing work. In

Max, Stuart Marshall, and Willem van Breugel. addit?on, much greater computing power is avail-
Administrative support is provided by Christina @P!€ in other parts of LLNL.

Budwine (Operations Manager), and by Institute

Assistant Jan Tweed and Group Secretary Donna RESEARCH HIGHLIGHTS

McCown. Ray Spence manages the network of The Astrophysics Research Center has devel-
computers in the center. oped a research program that exploits the tradi-

Postdoctoral fell ‘ ¢ of th tional strengths in astrophysics at LLNL and
ostdoctoral feflows perform most o eopens new areas of study. This research ranges

rsesearﬁh”ln the Astrophys;c; ReigeTrcg Clgrglifrom smaller-scale theoretical and observational
ome Tellows are supported entirely by rojects to large collaborative ventures. The fol-

funds, while some are supported partially by othe owing pages summarize some of this research.
groups at LLNL. In FY 1998, the postdoctoral fel-

lows were Nahum Arav (U/Colorado), Michael Laser Guide Stars
Brotherton (U/Texas, Austin), Sally Laurent- Claire Max, Scot Olivier, Jim Brase, Don
Muehleisen (UC Davis), Dante Minniti (U/Ari- Gayel, Bruce Macintosh, and Herbert Friedman,
zona), Adam Stanford (U/Washington), and Hieny,qrking with four LLNL collaborators and col-
Tran (UC Santa Cruz). laborators from three UC campuses, are develop-
The Center hosts several scientific visitorsjng laser guide stars for astronomical adaptive
not only from the UC campuses but also fromoptics. The goal of this project is to improve the
around the world. These visitors stay for a day tangular resolution achieved at ground-based
a year. Some who are affiliated with local institu-observatories. If the project is successful, the
tions spend large, ongoing portions of their time inangular resolution at major observatories might be
the center. improved by 10-100%.
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The angular resolution of ground-based teletection of the 3-m telescope at wavelengths of
scopes with apertures larger than 10-20 cm is limt-2 um.
ited to about a second of arc because of turbulence ¢ system produced near-diffraction-limited
in the atmosphere. In principle, by deforming a,
flexible tertiary mirror to make the wavefront
nearly flat, adaptive optics (AO) can be used t
correct for the wavefront distortions, which are " _ , _
measured with a wavefront sensor. This c:orrectioﬁUIde star high-order adaptive optics syste.m. Dur-
would allow ground-based telescopes to be oper'-ng 1997-1998, the group worked to refine the
ated at or near their diffraction-limited bounds. ~ SyStém, improving its performance and reliability
in preparation for our first laser guide star science

For example, at a wavelength of 1 um, the dif- b i in N ber 1998. Th t
fraction-limited resolution would be 0.08 arcsec0 sefvations In Novemboer e system was

for a 3-m telescope and 0.02 arcsec for a 10-rHsed to develop the calibration and observation
telescope, which represent improvements in reséed"‘iq‘_JeS that all other laser guide star.AO Sys-
lution of factors of 25 and 100, respectively, relatems will need as they become operational on

tive to the atmospheric resolution of about 1large telescopes. The system also demonstrates
arcsec. excellent performance using bright natural guide

images, in September—October 1996, using the
laser guide star as a wavefront reference. This was
he first-ever demonstration of a sodium laser

To produce this correction requires a brightStars as references.
reference object within a few arcseconds of the  Natural-guide-star science programs studying
object being imaged. The statistics of bright stargoung stellar objects (Fig. 1), binary stars, and the
are such that only a few percent of the sky is accegnter planets are being carried out in collaboration
sible for diffraction-limited viewing using nearby \uitn Profs. Andrea Ghez (UC Los Angeles), Imke
bright stars as the wavefront reference. de Pater (UC Berkeley), and James Graham (UC

To make up for the lack of bright referenceBerkeley). Michael Liu and Jennifer Patience, stu-
stars, this consortium is developing the ability togents of Profs. Graham and Ghez, respectively,
produce artificial stars using a powerful laser. Thg,5ve carried out a systematic search for stellar

idea is to use a laser tuned to the sodium D lines t@ompanions to the stars known to have planets
resonantly excite the atmosphere’s sodium layer %[rbiting them (Fig. 2) in an attempt to see if per-

90-km altitude, which makes an artificial star to . .

turbations by previously unknown stellar compan-
serve as a reference beacon. . . .

ions can explain the bizarre planetary systems

A wavefront sensor detects the tilts of the ref'recently discovered by Geoff Marcy and collabo-

erence wavefront, and a wavefront computer u_sersators. Observations of the outer gas giant planets
the reference wavefront to calculate the adaptive-

: . . . . Neptune and Uranus (Fig. 3) are being fit to radi-
optics corrections. Finally, the correction is five t ‘ dels developed by Prof. de Pat
applied to a deformable mirror. The imagesa Ve transier modeis developed Dy Frol. de Fater

recorded using the deformable mirror, with the2nd her graduate student Henry Roe.
telescope’s primary mirror, have most of the atmo-  In 1998, science programs using the laser
spheric distortions removed. guide star to study fainter targets will also be
A 20-W dye laser and an AO system (bothcarried out. The LLNL group is also working on
developed at LLNL) have been installed on thethe adaptive optics and laser guide star system for
Lick Observatory 3-m Shane telescope. The lasghe 10-m W. M. Keck telescope, which was
is based on technology developed for the LLNLshipped to the Keck Observatory for integration
Atomic Vapor Laser Isotope Separation (AVLIS) into a Keck-built optics bench in spring of 1998;

program and produces an eighth-magnitude artififi;st light is expected on the Keck telescope in
cial guide star, sufficient for adaptive optics cor-janyary 1999.

4



Section Il. Astrophysics Research Center

Figure 1. Faint companions to the young stellar
object LkHa 234.

Sensitivity to faint companions
T T

Sensitivity (delta-magnitudes)

Speckle Imaging of Titan, lo, and Neptune

In FY1998, Claire Max, Donald Gavel, Bruce
Macintosh, and Seran Gibbard, working with col-
laborators from UC Berkeley, NASA Ames, the
Southwest Research Institute, and JPL, continued
to observe solar system objects at very high spatial
resolution using the technique of speckle imaging.
Speckle imaging uses a series of very short expo-
sures to “freeze” the turbulence of the Earth’s
atmosphere, which limits the resolution of most
ground-based observations=0.5 arcseconds.

In October 1997 and July—August 1998, we
made near-infrared observations (at the 10-m
W. M. Keck Telescope) of Saturn’s moon Titan,
Jupiter’s volcanically-active moon lo, and Nep-
tune. The speckle imaging technique allows us to
obtain spatial resolution near the diffraction-limit
of the telescope (0.04 arcseconds at a wavelength
of 2 microns).

Titan, which is Saturn’s largest moon, is
unigue among planetary satellites in possessing a
thick atmosphere. Seen in visible light, Titan is
shrouded in a featureless, orange haze. This haze
is believed to be composed of organic compounds
produced by the photolysis of methane. Models
suggest that this haze gradually settles to Titan’s
surface, and over long periods of time, could form
oceans, lakes, or underground reservoirs of liquid.

Figure 2. Sensitivity of the Lick AO system to faint stellar and

brown dwarf companions.

Figure 3. Near-infrared image of the outer planet Neptune,
m

from the Lick AO system, showing bright stratospheric stor
features.

In October 1997, we obtained excellent
images of Titan’s leading (brighter) hemisphere,
and in July—August 1998, we obtained images
covering the darker trailing hemisphere.

Our data is taken through the K' and H filters,
which include both a strong methane absorption
band (which gives us data on Titan’s atmospheric
structure) and a window in the band through
which we can see surface features on Titan. This
technique allows us to obtain interesting informa-
tion about both the surface and previously
unknown characteristics of Titan’s atmosphere.

Our data clearly show a continent-sized
bright-surface feature on Titan’s leading hemi-
sphere that is consistent with icy or rocky high-
lands, as well as a very low albedo region that is
consistent with the presence of liquid hydrocar-

5



Section II. Highlights of Fiscal Year 1998

bons on the surface. Titan's darker hemisphere has Neptuneis a very dynamically active planet

a very low albedo (< 0.05) overall, with some about which little is known because of its small
brighter areas. If Titan’s dark areas are liquidangular extent (2.5 arcseconds). Voyager 2
hydrocarbons, this would be the first detection ofletected prominent dark and bright spots at visible
surface liquids on a solar system body other thawavelengths, as well as some bright wispy cloud
the Earth. features. These features change on timescales

lo, the innermost large moon of Jupiter, expeYarying from hours to years.
riences tidal stresses and enough internal heating Our goals in observing Neptune are to deter-
to create volcanoes on its surface. By observing Imine the altitude and composition of the material
in the infrared while the Sun is eclipsed by Jupiterthat makes up the infrared-bright features on the
emission from individual volcanoes can bedisk of Neptune; to determine the timescales over
imaged or even resolved. which these features evolve; to look for oscilla-

We use these data to determine the time varidlons in spot size or shape; and, ultimately, to
tions, size, spacing, and number of v0|canoesqleterm|ne the contribution of these storms to Nep-
which in turn yields information about the naturetun€’s overall heat budget.
of these volcanoes—particularly the high-temper-  Speckle observations of Neptune at H band
ature events thought to be silicate volcanism. Sewere made in October 1997 and July—August
enteen individual volcanic features on lo’s surfacel998. In addition, we observed Neptune in con-
were resolved in observations during an eclipse inentional mode using infrared narrow bands,
July 1998 (Figs. 4a—c). Keck observations of lowhich probe different heights in Neptune’s strato-
represent the highest resolution infrared measuresphere.
ments available to date. Using a model adapted from a Neptune radia-
tive transfer code developed by Kevin Baines
(JPL), we are able to constrain the number density
of Neptune’s stratospheric haze layers and to ver-
ify that the infrared-bright storm features are,
indeed, located in Neptune’s stratosphere rather
than lower down in the troposphere.

The MACHO Project

The MAssive Compact Halo Objects
Figure 4a/b. Near-infrared images of volcanic hotspots on the(MACHO) Project is an experimental search for
surface of lo. Observed using the 10-m W. M. Keck telescoghe dark matter, which makes up at least 90% of
and LLNL's speckle interferometry software. the mass of our galaxy. It was initiated at LLNL
and involves Charles Alcock, Kem Cook, Stuart
Marshall, and Dante Minniti (LLNL); Robyn
Allsman, and Tim Axelrod (Mt. Stromlo Obs.,
Australia); David Bennett (Notre Dame); Mark
Pratt (U/Washington); Christopher Stubbs (CfPA
at U/Washington); Kim Griest (CfPA at UC San
Diego); Doug Welch (McMaster University); Will
Sutherland (Oxford University); and Kenneth

Figure 4c. Visible-light image of lo from the Voyager space-Freeman, Bruce Peterson, and Peter Quinn (Euro-
craft §how_mg the location of the hotspots detected in ourpear.l Southern Obs., Chile).
Keck imaging.
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The Milky Way's dark matter is thought to be Planets can be detected via microlensing
distributed in a large, spherical halo. Its constituwhen they orbit the lensing object, and most of the
tion is unknown, because it emits no detectabléenses detected toward the center of the Milky
radiation. Before this Project, most hypotheses fo¥Way are normal stars. Over 350 microlensing
its constitution involved speculations from parti- events have been recorded. Analysis of these
cle physics. This experiment searches for planetgvents shows that planets and brown dwarfs are
brown dwarfs, and black holes or any other masnot significant components of the dark matter, but
sive objects (MACHOs) having a mass range othat ancient white dwarfs might be.

10-7 Mp<M < 10 M. Ongoing microlensing has also been used to
If the dark matter consists of MACHOSs, it will study the source star in greater detail than possible
occasionally magnify light from extragalactic without the magnification. Members of the Project
stars by the gravitational lens effect. An event camave obtained Keck echelle spectra of main
be recognized by fitting a theoretical light curve tosequence stars in the bulge of the Milky Way, get-
the observations (four-parameter fit) and by itging scheduled time during the bulge season know-
lack of color variation (it is achromatic). ing that there would be ongoing microlensing

Unambiguous recognition of microlensing events with main sequence source stars.
requires adequate data points on the light curve The large number of microlensing events
(10) and measurements in at least two filter bandsoward the bulge has forced a revision in our view
To detect events, one must monitor millions ofof the Milky Way’s structure. It is now thought
stars for several years. The experiment has beeanost likely that we live in a strongly barred spiral
operating for five years, and we have an agreemegalaxy. The microlensing detected by the Project
to operate through 2000. toward the Large Magellanic Cloud suggests that

The MACHO Project uses the 130-cm reflect-the halo of the Milky Way has a significant
ing telescope of the Mt. Stromlo Observatory, neaMACHO component. If the halo of our galaxy is

Canberra, Australia. Operating at prime focusdssumed to be .a relativelyo‘standard’ halo, the
with an innovative optical system gives a field of MACHOs comprise about 50% of the dark matter

view 1 deg in diameter. We use a dichroic filter forand have masses of about 0.p.Mhis result is
simultaneous imaging in a blue and a red spectrgUiteé surprising.
band, doubling the effective exposure rate. The project has also detected two microlens-

The MACHO Project has been monitoring ing events toward the Small Magellanic Cloud.
Both events were discovered by the alert system

and were studied in detail by groups around the

satellite galaxies of the Milky Way) as well as
1Eields towird the center of thi: Milyk)y Way. The world. The project alerted the world that the sec-
: ond event was likely to be a binary lens-caustic

Project has accumulated almost 6 TBytes of 'MaYE 1ssing event and predicted the caustic-crossing

data and about 600 Gbytes of photometry on aboifie This led to an intense observing program

70 million stars. Data is reduced in near real timegq,nd the world. Analysis of this non-standard

and microlensing events are often identified We”microlensing event has placed the binary lens in

before their peak. the Small Magellanic Cloud itself, along with the
The project sends out alert announcements t§oUrce star.

the world, which are also posted on its web site  ~pmets in the Outer Solar System

(http://darkstar.astro.washington.edu). These alert Charles Alcock. Kem Cook. and Stuart Mar-
announcements are used by different 9roUPZhal are collaborating with teams at the Institute

throughout the world to search for planets and t%fAstronomy and Astrophysics and National Cen-
study ongoing microlensing events in detail. tral University (both in Taiwan), and individuals at

fields in the Large and Small Magellanic Clouds

7
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UC Berkeley, on a novel survey of the outer solacamera system pointed at the same region of the
system. sky. Our design study determined the architecture
Following the detection of solid objects in the @1d parameters of the system, that is, the number
trans-Neptunian region, the observed frontier of t€léscope elements, the size of the telescopes,
the solar system progressed from about 10 AU i€ kind of cameras, etc.
the early 1600s—when Kepler deduced his “laws”  Three is the minimum number of telescopes
of planetary motion, only six planets were knownfor systematic control and measurement of the
to orbit the Sun—to about 50 AU today. During false-positive range; we adopted this minimum to
these four centuries, three planets, hundreds ahinimize the overall cost of the array. With three
comets, and thousands of asteroids have bedalescopes—and the design goal of a false-alarm
detected in orbit about the Sun, and dozens gfrobability per measurement of about-19-the
moons as well as four ring systems have beefalse-alarm probability per measurement at one
observed to orbit planets. Progress is very slowelescope should be no poorer than about.10
beyond Neptune because the objects are mostihhis sets the signal-to-noise requirement for each
small, solid bodies, and the brightness in reflectetelescope in the system. The optimum telescope
sunlight declines as the inverse fourth power ofor this design has an aperture of 50 cm and a focal
distance. length of approximately 95 cm. This couples well

Although no objects have been observed® @ moderate-cost, commercially produced CCD

beyond 50 AU, a rich population of comets hast@mera.

been inferred. This population acts as a reservoir We have completed the design for the three-
from which new comets can enter the inner solatelescope array. This included design of the optical
system, become active, and be discovered as thaiorrector cell for the telescope system, which
brightnesses increase by many orders of magniensures that most of the flux from a star will be
tude. collected into one camera pixel over the entire

The populations and distributions of thesethree-square-degree field of view. We also (1)
objects are now known: in the case of the cometddentified a small telescope manufacturer who can
the uncertainties span orders of magnitudes. SciaPricate the needed telescopes at moderate cost,
entifically, these objects serve as probes to the pri¢) Selected the digital camera for the project, and
mordial solar system because they preserve &) invented a novel photometry scheme that
record (in ice) of the conditions at that epoch. Pro@!lows us to perform photometry on several thou-
grammatically, interest is growing regarding Wayssand stars five tlmgs per second (.much faster than
to mitigate the hazards of asteroid or comet colli&llowed by conventional astronomical photometry
sions with Earth. The region of interest for us isSCheémes).
the Kuiper Bglt, which lies just beyond'the Searching for Asteroids
observed frontier of the solar system. It is believed

that there are between a billion and a hundred bil- Kem Cook (LLN_L)’ Christopher Stubbs and
lion comets in the Kuiper Belt, in orbits with semi- A+ Diércks (U/Washington), and Ted Bowell and

major axes between 50 and 200 AU. B. Koehn (Lowell Obs., Arizona) have completed

We have designed a novel survey for taking afn Innovative 2048 4096-pixel scanning CCD

inventory of the comets in the Kuiper Belt—we “@Mera, WhiCh operates at prime focus on an
would use the occultation of nearby stars by thd8-in. Schmidt telescope on Anderson Mesa in
comets to estimate the total population of smalArizona.

(~2 km) objects. Our system consists of an array s system is the heart of the Lowell Obser-

of telgscopes .at a dark site; each tele;cope ha%/&tory Near-Earth Object Survey (LONEOS) and
wide-field-of-view, charge-coupled-device (CCD) .\ ¢ apout 1000 square degrees per night to be
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triple-scanned to detect near-Earth objects (NEO{on lines indicative of a substantial young stellar
through their rapid apparent motion. population. (see Figure 5 for a comparison
between a normal luminous starburst [top] and the

The LONEOS system began taking data with
y g g quasar starburst [bottom]). Stellar synthesis popu-

the newly refurbished Schmidt telescope last Y[, tion models show that the stellar component is

It was decided, however, that the corrector and,,gistent with a 400 million year old, instanta-

field flattener that were being used needed to bRegys starburst with a mass of 100 billion solar
refabricated. These elements were reinstalled dumasses.

ing the Winter of 1998, and the system has been
operational for most of this year. This system dis-

covered its first NEO 1998 MQ and four new | ™| I .f'u’?é-"i"""""' t"
NEOs this year. Ly e
A Spectacular Post-Starburst Quasar H .'T'""‘"-*""ﬂ"‘-'r"ﬂl '4|l
M

One of the fundamental questions in astronq =
omy is to understand the origin, and source of

energy, of some of the most luminous objects in § _.'- T T T -
the universe—quasars. Quasars are thought to Q¢ e
massive black holes, which may have formed “ . ' o
simultaneously with their host galaxies, or per- ' Mr -
haps prior to that, during the very early stages of = : ||i| hﬂ:“"“""'lﬂh
the Big Bang. There is circumstantial evidence : . ]
that some quasars live in relatively young ‘star ' = =
burst’ galaxies. Approximately 10% of the quasars o it sl

emit bright, non-thermal radio emission. Radiofigyre 5. keck spectra of an ultra-luminous starburst galaxy
source catalogs can therefore be used for identifyFF J1614+3234, top), and the UV-excess starburst quasar
ing large numbers of quasars in a systematic wa{pN J1025-0040, bottom).

(without selection effects caused by cold gas and
dust, which are normally thought to accompany,
large star bursts and which might obscure other
wise very luminous active black holes).

A deep near-infrared Keck image (Fig. 6)
taken in 0.5 seeing shows a point source sur-
rounded by asymmetric extended fuzz. Approxi-
mately 70% of the light is unresolved, the majority
Brotherton (IGPP postdoc, presently at thesf which is emitted by the starburst. While star-
National Optical Astronomy Observatories) andpyrsts and galaxy interactions have been previ-
colleagues at IGPP, Oxford University (U.K.) andously associated with quasars, no quasar ever

the Anglo-Australian Observatory (Australia) pefore has been seen with such an extremely lumi-
used the large NRAO VLA Sky Survey (NVSS) nous young stellar population.

together with the AAQO ‘ultraviolet-excess’ quasar
survey to identify several hundred radio quasars. This spectacular object may represent a tran-
During follow-up observations with the Keck tele- sitional step in an evolutionary sequence between
scope, one of these quasars—UN J1025-0040-a massive starburst and active black hole, both of
showed a very unusual spectrum. which may have been triggered by interaction or
The spectrum shows the broad Mg Il 28oomerging of its host galaxy with a nearby neighbor.
Angstrom emission line and strong blue contin-The frequency of objects like UN J1025-0040 is
uum characteristic of quasars, but it is dominatednclear, as less extreme versions require detailed
in the red by a large Balmer continuum disconti-0bservations to recognize. A post-starburst quasar
nuity and prominent high-order Balmer absorp-could have been found and misidentified in previ-
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Section II. Highlights of Fiscal Year 1998

ous surveys because of low-quality spectra or lim-
ited wavelength coverage. Because of its young
age, the starburst could only have been brighter
and bluer in the past. Such extreme starbursts have
not been identified in previous ultraviolet excess
quasar surveys, suggesting that a younger version
of UN J1025-0040 might be hidden as a dust-
enshrouded infrared galaxy.

CHBC

Figure 6. Keck near-infrared image of the starburst quasar
UN J1025-0040, showing a point source surrounded by asym-
metric extended fuzz with a feature suggestive of a dust lane,
and a companion galaxy to the south-west.
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Center for Geosciences

The Geosciences Research Center wabBoherty Geologic Observatory) and Jerome Van
formed to promote collaborative research in theder Woerd (Institut de Physique du Globe de Paris
geosciences among LLNL, the various UC cam{IPGP]) also recently joined the Laboratory as
puses, and other scientific organizations botlpostdocs. Putirka is working on developing and
within the U.S. and abroad. LLNL's mission-ori- applying methods of phase equilibria to constrain
ented programs in national security and in envithe relative effects of melting conditions and man-
ronmental and energy research employ manyle composition on the chemical diversity of basal-
disciplines within the geosciences. IGPP drawgic lavas. Van der Woerd is working on the
upon these capabilities and expertise and acts agectonics of northern Tibet using satellite image
focal point for research in the more fundamentainterpretation, field mapping, and cosmic-ray sur-
aspects of the earth sciences. face exposure dating.

We hope to consolidate many unique talents  Anne-Sophie Meriaux, a predoctoral fellow
and capabilities at LLNL and to provide an easilyfrom IPGP, also spent the year at LLNL, working
identifiable avenue for LLNL-UC collaborations. on surface dating of samples from the Altyn Tagh
The Center for Geosciences is the focus of thes€ault, collaborating with Dan Farber and Bob
interactions with visitors from academic (UC andFinkel on dating moraines in South America, and
other universities), industrial, and governmentakefining cosmogenic nuclide production rates.
research institutions. The Center’s research  aqgam Kent has been working on the diffusion
emphasis is on the physics and geochemistry Qf¢ cations in carbonate minerals found in ‘Mar-
the solid Earth, including seismology, geochemisyjgn' meteorites as a means of constraining the
try, experimental petrology, mineral physics, envi-thermal history of these samples and the implica-
ronmental geochemistry, hydrology, tectonicstions for past life on Mars. He has also been using
and active tectonics. the ion microprobe to analyze volatile constituents

The Center is housed in the Geophysics &n glass inclusions in phenocrysts from various
Global Security and Geosciences & Environmeniava suites.
tal Technologies divisions of LLNL's Earth and Dan Farber has been working on the Holocene

Environmental Sciences Directorate (EES). It isglacial history of the Andes, and also on the parti-

involved with several programs within EES andjoning of trace elements between fluids and min-
also with the Isotope Sciences Division of LLNL'S o415 in subduction zones.

Chemistry and Materials Science Directorate,

which is a major contributor in the area of RESEARCH HIGHLIGHTS
geochemical expertise and analytical facilities.  The current research within the Center for
The Center also has active collaborations with the; o gsciences is focused around two major
staff of LLNL's Center for Accelerator Mass prgiects—the Cenozoic and active tectonics of the
Spectrometry (CAMS). Indo-Asian collision, and experimental determi-

The scientific staff of the Center are Ricknation of the partitioning of trace elements
Ryerson (Center Head), Henry Shaw, Marc Cafbetween minerals, fluids, and melts relevant to
fee, Bob Finkel, lan Hutcheon, and Douglas Phinsubduction zones and mid-ocean ridges.

ney. Postdoctoral fellows during FY98 included  tpheAsian tectonicsprogram considers both

Matt Kohn (Rensselaer Polytechnic Institute),ihe |ong-term evolution of the Tibetan Plateau and
who recently left the Lab to take a faculty positionyimalaya, and the active tectonics of the region.

at the University of South Carolina; Dan Far_berMatt Kohn and Rick Ryerson are currently collab-
(UC Santa Cruz); and Adam Kent (Australian g ating with Profs. Mark Harrison and An Yin (UC
National University). Keith Putirka (Lamont- | 5¢ Angeles) on a number of problems in the

11



Section II. Highlights of Fiscal Year 1998

southern and central Tibetan Plateau. Liz Catlos, aurrently a postdoc at Brown University) and a

graduate student from UC Los Angeles, has beefyrmer IGPP postdoctoral fellow, James Brenan
working with Kohn on the determination of pres- (currently a faculty member at University of

sure-temperature histories of metamorphic rOCkﬁ'oronto) Brenan was the recipient of the MSA

adjacent to the Main Central Thrust in Nepal. . . . .
Award of the Mineralogical Society of America

The prograr.rT in active tectonlf:s is fac'“tatedpresented at the 1998 Geological Society of
by the AMS facility at LLNL, allowing us to date America annual meeting in Toronto during the fall

surface fea'ture's that' have been disrupted by Qu%i‘ 1998. This award recognizes the contributions
ternary seismic activity. Marc Caffee and BobOf a young scientist

Finkel have been responsible for the development

of these cosmogenic dating schemes at LLNL, and The fgllowmg pages highlight th(?se projects
they are currently collaborating with Rick Ryer- and additional research conducted in the Center

son and colleagues Paul Tapponnier (IPGP)f,or Geosciences.

Gilles Peltzer (Jet Propulsion Laboratory), and Geospeedometry: Dating
Jean-Phillippe Avouac (CEA Bruyéres-Le-Chatel) Tectonic Deformation

to determine the rates of slip and shortening along The goal of this project is to develop and

major strike-slip faults and across young mountain . .
) 'p _ , young apply cosmogenic dating methods to better con-
belts, respectively, in central Asia.

strain rates of tectonic deformation across active
During the summer of 1998, Rick Ryerson,fayits and folds in the collision zone between India
Jerome Van der Woerd, and Anne-Sophie Meriauxnd Asia. Active faulting and seismicity show that
joined a team from IPGP and the Chinese Seismgteformation in Central Asia is partitioned between
logical Bureau to collect samples for surface datthryst faulting in mountain belts and lateral dis-
ing along the central segment of the Altyn Taghy|acement along great strike-slip faults. The extent
Fault. to which deformation is localized along these
The effort in surface dating took a new direc-faults as opposed to homogeneously distributed
tion this year with a collaboration recently initi- throughout Asia is critically dependent upon the
ated with Lewis Owen at UC Riverside. Bobrates of slip, and bears upon the more general
Finkel and Mark Caffee accompanied Owen andjuestion of how the Earth’s lithosphere deforms.

coworkers on a trip to Pakistan in the spring of  Rick Ryerson, Bob Finkel, and Marc Caffee,
1998 to collect samples from glacial morainesin collaboration with colleagues at UC Los Ange-
near Nanga Parbat. The effort aims to determinks, the IPGP, and the Chinese Seismological
the climate history of the region. Lynn Guiltieri, a Bureau, are currently focusing their efforts on
postdoc from UC Riverside, spent 4 months asites along the Tibet-Tarim Basin boundary, which
LLNL analyzing the samples collected on thisis defined by the Altyn Tagh Fault System (ATF)
trip. (Fig. 1). The ATF runs along the northern edge of
the Tibet-Qinghai highlands for nearly 2000 km,
merging with various thrust and other strike-slip
efforts of Henry Shaw, lan Hutcheon, Douglassystems at its eastern and western termini. East-

Phinney, Dan Farper, Keith Purtirka, gnd Ri‘_:kward propagation of the ATF may be the primary
Ryerson, who continue to work closely with Craig echanism by which the northern part of the pla-
Lundstrom (a former predoctoral fellow who is teay has grown.

The experimental program comprises the
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In the first two years of this project, mappingresulted in a number of terraces risers offset by
and sampling was performed in a number ofvarious amounts.

regions (Fig. 1): The cosmic-ray exposure age of these features
1. The Kunlun Fault, a left-lateral strike-slip Yyield a slip-rate of 12 + 2 mm/yr. This is the first
fault to which a portion of the displace- quantitative measure of slip-rate on any fault in

ment along the ATF is thought to be trans-Asia, and the results from one site were recently
ferred. published! A second paper presenting identical

rates over 600 km of the Kunlun Fault is in prepa-

2. The eastern terminus of the ATF in theration.

Tang He Nan Shan, where strike-slip ,
movement is transferred to thrusting and 1 N€ Tang He Nan Shan is a northwest-south-

- . east trending mountain range roughly perpendicu-
thickening. . : L
_ lar to the ATF at its eastern terminus. Preliminary
3/4. The Aksay and Subei segments of thgjata demonstrate that terrace age increases, yield-

ATF near its eastern terminus. ing an uplift rate of 0.5-1.0 mm/yr. Geometric

5. The Karakax Valley segment of the ATF constraints on the attitude of the thrusts coupled
in the west. with these uplift rates implies the central part of

the Tang He Nan Shan is being uplifted at a rate of

6/7. The Tura and Shur Kholi regions along2

the central segment of the fault where the _ L -
highest slip rates are expected. This rate predicts initiation of uplift in the

_ _ _ Tang He Nan Shan 5 million years ago, an event
Quartz-rich lithologies from surfaces that iha¢ would transform the Qaidam Basin into a
constrain either lateral or vertical offsets wereg|gsed drainage at that time. This prediction is
dated using botHPBe ancP®Al, and slip rates were  ¢onsistent with a dramatic increase in sedimenta-

obtained. tion rates in the Qaidam Basin at 5 Ma.

At its eastern termination, slip on the Altyn Along its western segment, the ATF bifur-
Tagh Fault is transferred to other strike-slip faultcates, with the main branch of the fault turning to
systems, such as the Haiyuan and Kunlun Faultghe north (the Karakax Valley segment) and
and to sub-perpendicular thrust faults such agmaller branches continuing to the southwest. We
those in the Tang He Nan Shan. Slip rates on all afbtained an age of ca. 6 Ka for a riser offset by

these features are required to support this hypoth-40 m, yielding a slip-rate of ~2 cm/yr for the
esis. Left-lateral slip along the Kunlun Fault hasKarakax Valley segment.

.5 mml/yr.

40°

-140°

TARIM  BASIN

38°
— 3g°

36°
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- =

TIBET PLATEAU = ¥ = S \
~ S L 7 <o 5 \@'& -
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80° 84° 88° 92° 96° 100°

Figure 1. Generalized tectonic map of northern Tibet (area shown in box on inset map of Asia) indicating the areas under inves-
tigation in this project. We are attempting to determine rates of strike-slip movement along the Kunlun Fault (1), ang the Aksa
(3), Subei (4), Karakax Valley (5), Tura (6), and Shur Kholi (7) segments of the Altyn Tagh Fault and uplift along thetorders
the Tang He Nan Shan (2).
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Due to the western bifurcation of the ATF, the partial melting occurs at relatively high pressures
rate on the Karakax Valley segment sets a mini(P) and temperatures (T) at Hawaii, and that
mum rate for the central segment of the faultHawaiian lavas tap a deeper mantle source, com-
which for rigid block kinematics must be accom-pared to EPR lavas.
modated to the lateral components on both the gom prior geochemical work, it has been rec-
Karakax Valley plus the segments to the south. gnized that lavas from these two localities are

One of the fundamental results of this ongoingdifferent. Keith Putirka is considering two critical
investigation is the determination that the high slipquestions that arise from these observations: (1)
rates are consistent with kinematic models, whictAre the compositional differences between
assert that a large fraction of Indo-Asian converHawaii and the EPR due to differences in the melt-
gence is accommodated by translation and rotdng process (i.e., high P-T melting at Hawaii ver-
tion of rigid blocks, rather than by homogeneouslysus low P-T melting at the EPR)? or (2) Is the deep
distributed diffuse deformation of the Asian litho- mantle source tapped by the Hawaiian plume fun-
sphere. damentally different in composition compared to

Similarly, the high slip rates found imply the shallow mantle tapped by the EPR lavas?

that the ATF is responsible for the eastward extru- Controversy surrounds the nature of
sion of Tibet, which is in turn accommodated bygeochemical heterogeneity in Earth’s mantle. Dif-
crustal shortening along its eastern boundaryferences in isotope ratios between Hawaii and the
causing progressive northward growth of theEPR require some heterogeneity in their mantle

Tibetan Plateau. sources, because isotopes of an element are not
normally fractionated from one another by partial
Estimating the Mineralogy of the melting. It has been proposed that isotopic differ-
Upper Mantle, and Partial Melting Depths ences are due to differences in mantle mineral-
and Temperatures of Oceanic Basalts ogy2-5

The formation of basaltic lavas represents the  In this model, the normal mineralogy of peri-
most important mode of mass transport on the tedotite (a rock consisting of olivine + clinopyrox-
restrial planets; partial melting and volcanism areene + orthopyroxene + garnet), contains an
the driving forces behind planetary evolution. Toadmixture of up to 5% eclogite (a rock consisting
understand the evolution of Earth, it is thus criticallargely of clinopyroxene + garnet). The eclogite
to know the composition of Earth’s mantle—the hypothesis is intriguing, because eclogite may be
source region for all basaltic volcanism—as wellintroduced into Earth’s mantle through subduction
as the depths and temperatures at which partialf oceanic crust at convergent plate boundaries.
melting takes place. However, isotopic differences need not be accom-

To constrain these quantities, basaltic lavaanied by substantial differences in mineralogy or
from Hawaii and the East Pacific Rise (EPR) ar@ulk compositior? Moreover, variations in the
compared. Lavas from these localities represerft-T conditions of partial melting can significantly
end-members in the production of oceanic crustaffect basalt compositioh?

Lavas at Hawaii form by partial melting above a  The nature and degree of mantle heterogene-
super-adiabatic thermal upwelling, or a ‘mantlejty cannot be fully ascertained until such P-T
plume.’ effects have been evaluated. To estimate mantle

The EPR, in contrast, is a passive spreadinjeterogeneity, Putirka has developed melting
center; melting occurs when mantle of normalmodels that explore the potential range of basalt
temperature rises to fill the void left by the separacompositions resulting from melting at varying
tion of oceanic lithosphere. Since Hawaii is theP-T conditions. These models use Na, Ti, Hf, and
result of a thermal upwelling, it is expected thatrare earth element (REE) abundances, because
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these elements have mineral/melt partition coeffi- From Figure 2, it is apparent that variations in
cients that are sensitive to both P and mineralogyhe P-T conditions of melting, using a depleted
The models thus test whether differences in thenantle starting composition, are sufficient to
P-T conditions of melting are sufficient to explain explain both local variation at Hawaii and large-
regional differences in basalt geochemistry. Anygcqie geochemical differences between Hawaii

natural geochemical variations that are NOLnd the EPR. This implies that bulk composition

explained by the models must be due to geOChen?Jl'iﬁerences between Hawaiian and EPR source
ical differences in the mantle source regions.

. L . regions might be minimal. This result is consistent
Thus, by investigating the maximum effects of : L i
. o . with near-uniform, but non-primitive, minor ele-
P-T on melt composition, minimum estimates . i s i
may be placed on mantle heterogeneity. ment r§t|o§ for oceqnlc basa a.md. hlgh—pr.es_,—
sure diffusion experiments that indicate efficient

Compared to the EPR, Hawaiian basalts hav%omogenization in parts of the upper maé#e.

lower Na/Ti ratios due to higher Ti and lower Na
(Fig. 2). Lower melt fractions at Hawaii could ~ Differences in isotopic ratios might have
account for increased Ti, but not for Na, if Na isdeveloped by metasomatism, a process that would

also incompatible. not be expected to greatly influence mineralogy. It

This conundrum might be explained if min- IS also possible that re-equilibration and mantle
eral-melt partition coefficients for Na increasemixing have obscured major element geochemical
with increased pressubewhich is observed for differences, without erasing isotopic signatures.

many high-pressure experimerftddawaiian In Figure 3, melt compositions produced from

basalts also exhibit high Sm/Yb ratios comparquclogite and mineralogically similar garnet pyrox-
0 EPR Iava;, and greater mgltlng deths at |_Iawaé!nite source regions are compared to natural lava
have been invoked to explain such differerées.

Finally, there exist significant inter-shield varia-
tions in Na/Ti at Hawaii; the melting models test
whether the P-T conditions of melting can explain

compositions. Abundances of Ma, TiO,, and
REE at Hawaii are inconsistent with a variety of
potential eclogite or garnet pyroxenite mantle

Pt sources.
such local variations.
Loa Trend  Kea Trend
85 Loihi =ax Kilauea =o 9 R2=0.87 ¢
33 Mauna Loa = +||Mauna Kea =A
31 Kaoolawe - Kohala =°
Koolau =¢ Haleakala =°
.29 x
[
3 + °
2 2.7 g X o #-.r- .
25 ¥ ¥ + 4 m+T oy ' .
= S, + o
23 xﬂ“ x + Xa X 'S
21 X ° X xa A
x| R?= 0.74 ’ N
1.9 =u. a A R2=0.91
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17 . . . . . . .
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Figure 2. Aggregate melt compositions are calculated using a depleted peridotite source. High Na/Ti at Koolau may be explained
by the presence of thinner lithosphere and cooler mantle temperatures. Intra-volcano variation probably reflects heterogeneity
(mineralogical differences of up to 2% in the source region). ‘Bulk composition uncertainty’ reflects the increase in Na/Ti and
Sm/Yb ratios that are obtained when an undepleted mantle source is input into the melting models. Note that almost the entire
range of EPR and Hawaiian lavas can be produced from a depleted peridotite mantle source, simply by varying the P-T condi-
tions of partial melting.
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Figure 3. Calculated aggregate melts are shown for eclogite and garnet pyroxenite sources (‘HS'is the average garnet pyrox-
enite from Hirschmann and Stolp&tMassif’ refers to garnet pyroxenites from massif peridotites; K is the Koolau, and ML is

the Mauna Loa+Mauna Kea+Loihi fields, as in Figure 2). Na/Ti and Sm/Yb ratios at Hawaii overlap only with some massif
pyroxenites, but the predicted Na, Ti, and REE abundances are too high compared to lava compositions. Eclogites and garnet
pyroxenites are thus unlikely mantle components at Hawaii.

The mantle beneath Hawaii is undoubtedly If the mantle consists of depleted peridotite,
mineralogically heterogeneous, but Hawaiianthen partial melting depths are also constrained by
lavas were probably produced by partial meltingthe models. Abundances of Na, Ti, Hf, and the
of a peridotite mantle, with only minor differences REE for EPR lavas are best reproduced when
in phase proportions. melting begins at 120 + 15 km, consistent with

While the models do not exclude eclogite inrecent seismic woiR and prior depth estimaté.

the EPR mantle source, it is conceivable that small' contrast, Hawaiian tholeiites can be modeled
differences in peridotite source region mineralogy!Sing & 100-km-thick lithosphere and initial melt-

(2%) could account for the range of EPR lavaNd depths of 200-400 km. This implies a temper-
compositions. Thus, eclogite and garnet pyroxen@ture difference between Hawaii and the EPR of

ite sources are not only unlikely at Hawaii, but are300°C, close to estimates inferred from geody-
perhaps also unnecessary at the EPR. namic studie®* and mantle tomograpHy.
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Figure 4 shows how isotopic differencestions that are opposite to the inter-shield trend.
might be related to melting depth. At Hawaii, theThese intra-island trends are furthermore directed
average isotopic compositions of the volcanictcoward EPR isotope-Na/Ti values. The local
shields correlate well with Na/Ti ratios, indicating trends appear to support the traditional view of a
that there is some vertical layering of isotopicallylayered mantle, with the most depleted material
distinct regions in the Pacific upper mantle. Indi-occurring in the shallow mantle; the inter-island
vidual lavas, though, from both Loihi and Maunatrend perhaps indicates significant lateral hetero-
Loa volcanoes, show isotope versus Na/Ti correlageneity beneath the Hawaiian islands.

7
70 (10 i = Uncertainty in initial
(10) 10 km lithosphere EPR= o Bulk Composition
Koolau = ©
Loihi= A 1
61 84 (12) Mauna Kea =e 1
o ° Mauna Loa =y¢
00 (14)
o
ST 18(15) Lithosphere Thicknesp
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Figure 4. Hawaiian shield averages for isotopes and major oXalescompared to test for depth-dependent isotopic heteroge-

neity at Hawaii. Na/Ti ratios are correlated wifiSrB6Sr (A),206Pb/204Pb (B), and870sA880s (C). (R values are for shield
averages). The Loa-trend volcanoes are consistent with two-component mixing between an upper, isotopically enriched mantle
component, and a deeper, more isotopically depleted/less enriched source. Kea-trend volcanoes are not consistent with two-com:
ponent mixing and may indicate a third component. Interestingly, Loihi and Mauna Loa lavas show local internal correlations
for 87SrB6Sr-Na/Ti that are opposite to the inter-shield trend, but directed toward EPR values.

17



Section II. Highlights of Fiscal Year 1998

Using Melt Inclusions to Investigate a observed in between whole rock samples from all
Heterogeneous Mantle: An Example from major groups of oceanic lavas. These results out-
Baffin Island, Northern Canada line the tremendous potential of melt inclusions

Identification of chemical and isotopic hetero—,swd'eS for providing new information and insights

geneity within and between the mantle sourcém0 the chemical dynamics of the mantle.

regions of basaltic rocks provides the primary  p,asenetic Alteration of Tooth Enamel
geochemical insight into the long-term dynamics

of crust-mantle systeni§.However, recent stud- The mineral in teeth and other biogenic phos-
ies suggest that estimates of basalt source regidiates is a hydrous calcium phosphate, called apa-
heterogeneity based solely on bulk-rock lava samite, and the chemical and isotope composition of
ples (as has traditionally been the case) may drdbis apatite from tooth enamel is used in a variety

matically underestimate the diversity of meltOf paleoclimate, anthropological, and paleodietary
compositions in a given systekn. studies. However, successful application of chem-
. . ical and isotopic analysis of teeth depends on the
g e ard i recesse uhre e e of a0 st
. ti}at can occur during burial and lithification.

ascent and storage appear to homogenize much 0

the initial diversity of primary magma composi-  Irace element and isotope geochemists differ
tions, and this can destroy infor